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I. INTRODUCTION
Since the beginning of the study of elementary particle under high energy processes the
usage of the Deep inelastic scattering (DIS) became it as one of the most iconic experiment in
the this field, allowing to probe the proton and neutron internal structures. The canonical
way to study DIS is based on a non-abelian gauge field theory known as QCD. In its
fundamental works [1–4], it has been shown that the canonical dimension ∆can of an operator
O should be modified by the introduction of an anomalous contribution γ, which implies
that [O] = ∆can + γ. In particular, in Refs. [1, 3, 4] the authors addressed the anomalous
dimension in the context of DIS. Note however the QCD perturbative techniques are not
reliable at low energies.
An alternative way to deal with this problem is based on the anti-de Sitter/Conformal
Field Theory (AdS/CFT) correspondence which relates a conformal N = 4 super Yang-
Mills theory (SYM) with symmetry group SU(N), for N →∞, living in 3 + 1 dimensional
Minkowski spacetime to a superstring theory in a 10-dimensional curved spacetime (for a
review see for instance [5]).
After breaking conformal invariance one has a phenomenological holographic approach
known as AdS/QCD. In this context many important works dealt with DIS providing interest
results as can be seen for instance in Refs. [6–36]. Most of these references studied DIS for
scalar particles and some of them for vector mesons and baryons. In particular, the pioneer
work presented in Ref. [6], treated holographic DIS within hardwall model for scalars and
fermions taking into account the regimes of large, small and exponentially small for the
Bjorken parameter x. In refs. [24, 26] the authors studied DIS for vector particles, while in
Refs. [9, 14, 23, 25, 36] for baryonic DIS.
Regarding the anomalous dimension, many works dealt with it within the holographic
context, for instance, [37–45]. In particular, in Ref. [39] the authors have argued about a
possible introduction of an anomalous dimension for DGLAP and BFKL regimes. In Ref.
[41] the authors used such anomalous dimension to fit the masses for mesons and baryons.
In Ref. [25], the authors considered anomalous dimensions in the holographic description of
DIS. In Refs. [42, 44] the authors have used the anomalous dimension related to the QCD
beta function in order to compute even and odd glueball masses. Interestingly, in Refs.
[40, 45] the anomalous dimension decreased the value of the conformal dimension, without
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violating the Breitenlohner-Freedman bound.
Here in this work we will use a holographic model to compute the baryonic DIS structure
functions, F1 = F1(x, q
2) and F2 = F2(x, q
2) for the proton, which are dependent on the
photon virtuality q2, and the Bjorken parameter x. In particular our focus is on the large
x regime. To perform our computation we will use an AdS/QCD model with a deformed
AdS5 background. This deformation of the AdS5 space breaks the conformal invariance and
generates a mass scale for the fermionic fields. Such a deformation was considered before
in a wide range of AdS/QCD studies, as can be seen in Refs. [46–57]. Our DIS structure
functions are compared with experimental data showing good agreement for large x.
This work is organized as follows: in section II we review briefly the main properties
of DIS. In section III we present our deformed AdS space model which describes the in-
teraction between a vector and spinor fields. In particular we compute holographically the
wave functions for these fields. In section IV we compute the DIS interaction action and
extract the expressions for the structure functions F1(q
2, x) and F2(q
2, x). In Section V we
present our numerical analysis for the structure functions and compare them with available
experimental data. In Section VI we present our conclusion and discussions.
II. BRIEF REVIEW OF DIS
Scattering processes play an essential role in particle physics since they allow us to explore
most of the hadronic properties. In particular, deep inelastic scattering (DIS) is the tool
that probes the inner hadronic structure. This process consists of a lepton scattered off a
proton target, causing its fragmentation into other hadronic states. In figure 1, we depict the
Feynmann diagram for the process. It is the next most straightforward reaction involving
strong interactions, after the e+e− → hadrons.
In a schematic point of view, DIS is an electromagnetic scattering off a charged parton,
i.e., a quark, inside the proton by the incident lepton, which can be an electron or a muon. If
the four-momentum transferred by the lepton to the proton target is large, the inner quark is
expelled out from the target. In the process, the quark radiates gluons and quark-antiquark
pairs that will hadronize soon after.
To consider the DIS process quantitatively, we will discuss the following reaction: l p→
l X, where the final hadronic state X will label all of the produced hadrons by the proton
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Figure 1: Deep inelastic scattering between a hadron and a lepton through the exchange of a
virtual photon.
fragmentation. We can determine from the fragmentation the inner structure of the target
proton. The so-called Bjorken variable parametrizes this fragmentation according to:
x = − q
2
2P · q , (1)
where q2 is the transferred momentum from the lepton to the proton by a virtual photon
and P is the initial proton momentum, with mass defined as P 2 = −M2. After setting the
kinematical frame, now we can write the scattering amplitude as:
iMl p→l X = (i Q) u¯ γµ u
(
i
q2
)
(i e)
∫
d4y ei q·y〈X |Jµ(y)|P 〉, (2)
where Jµ(x) is the quark electromagnetic current. The crucial step in this analysis is how
to connect the proton fragmentation with the emergence of highly energetic hadrons in the
final state. This information is encoded into the hadronic tensor, constructed from the
current between the proton and the X final state. Since the virtual photon is responsible
for breaking the proton, we can use the optical theorem
∑
X
∫
dΠX |Mγ p→X |2 = 2ImMγ p→γ p (3)
to write the hadronic transition amplitude W µ ν , in terms of the forward matrix element of
two proton currents averaged over the spin:
4
W µν =
i
4 pi
∑
s
∫
d4y eiq.y〈P, s|T {Jµ(y) Jν(0)} |P, s〉. (4)
This expression for the hadronic tensor is known as the forward Compton scattering ampli-
tude. Notice that |P, s〉 represents a normalizable proton state with spin s and Jµ is the
electromagnetic quark current introduced before (for a review see [58]). For the imaginary
part of this amplitude, we can write, in the Fourier space, as
ImW µν =
1
4
∑
X
δ
(
M2X − (P + q)2
) 〈P, s |Jµ(0)|X〉〈X |Jν(0)|P, s〉, (5)
where the final state |X 〉 is characterized by the total invariant mass MX , constrained by
the energy conservation, i.e., MX > M .
To go further into this analysis, we have to address the form of the hadronic tensor. To
do so, the Ward-Takahashi identity requires that
qµW
µν = qνW
µν = 0. (6)
This condition allows us to write the hadronic tensor as a decomposition into scalar
functions F1,2 ≡ F1,2(x, q2), defined in terms of invariant quantities, as follows:
W µν = F1
(
ηµν − q
µqν
q2
)
+
2x
q2
F2
(
P µ +
qµ
2x
)(
P ν +
qν
2x
)
. (7)
We have just written the symmetric terms that will remain after the contraction with the
leptonic tensor, which is symmetric. Notice also that for spin-1/2 targets, the hadronic tensor
decomposed as in Eq. (7) is independent on the final hadron spin. The spin dependence
is encoded into the antisymmetric terms of W µν , relevant only for the non-physical region
x > 1. This particularity makes the hadronic DIS cross-section dependent on combinations
that have both hadron and lepton spins or none of them. For our purposes, we are going to
consider only unpolarized leptons and target protons.
III. THE DEFORMED AdS SPACE MODEL AND THE DIS
We start this section discussing the deformed AdS/QCD model which will be used to
calculate the DIS structure functions for fermionic targets. The action for the fields can be
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written as:
S =
∫
d5x
√−g L (8)
where L is the Lagrangean density, g is the determinant of the metric gmn of the deformed
AdS5 space, given by:
ds2 = gmndx
mdxn = e2A(z) (dz2 + ηµνdy
µdyν) . (9)
Here we have considered the AdS radius R = 1, z is the holographic coordinate and
A(z) = − log z + k
2
z2 . (10)
The constant k has dimension of mass squared and is associated with a QCD mass scale.
In this work we use indices m,n, · · · to refer to the 5−dimensional space, separating into
µ, ν, · · · for the Minkowski spacetime and the holographic z coordinate. The coordinates
xµ have signature (−,+,+,+) and also describe the boundary of the deformed AdS space
where the gauge theory lives.
Note that the metric given by Eqs. (9) and (10) represents a deformed AdS space since
we introduced the warp factor ekz
2
into its definition. Although the introduction of this
factor into the metric looks like similar to the original softwall model [59] (where this factor
is introduced into the action) these formulations are different. In this deformed AdS space
formulation one has an effective break of the conformal symmetry for fermions in contrast
to the original softwall model. This means that in the original softwall model the dilaton
field alone does not generate a discrete fermionic spectrum. The present model is inspired
by Refs. [46, 47] where this warp factor was introduced in the AdS metric to obtain the
quark-antiquark potential. This model was used recently to obtain the hadronic spectrum of
particles with various spins including spin 1/2 fermions [56], which is relevant to the present
discussion of DIS with baryonic target.
At this point let us briefly discuss the holographic approach to DIS, inspired by Ref. [6]
in the supergravity approximation for string theory in the large x regime.
Following the holographic dictionary we will connect the matrix element of canonical DIS
given by Eq.(7) with the supergravity interaction action in AdS space, Sint. Considering
that the baryonic particle was scattered off by a virtual photon with polarization ηµ, one
can write:
ηµ〈P + q, sX |Jµ(0)|P, s〉 = Sint (11)
6
where the interaction action is given by:
Sint = gV
∫
dz d4y
√−g φµ Ψ¯X Γµ Ψi , (12)
with gV a coupling constant related to the electric charge of the baryon and Γµ are Dirac
gamma matrices in curved space. The spinors Ψi and ΨX are the initial and final states for
the baryon and φµ is the electromagnetic gauge field. All those quantities will computed in
the following sections.
A. Computing the electromagnetic field
Since DIS also involves an electromagnetic interaction, in this section we will describe
the photon in the deformed AdS space.
Let us to introduce the action for a five dimensional massless gauge field φn given by:
S = −
∫
d5x
√−g 1
4
FmnFmn , (13)
where Fmn = ∂mφn − ∂nφm. This action leads to the following equations of motion
∂m[
√−g Fmn] = 0 . (14)
Using the gauge fixing
∂µ φ
µ + e−A∂z
(
eA φz
)
= 0, (15)
where A = A(z) is given by Eq. (10), one has
φµ + A′ ∂z φµ + ∂2z φµ = 0 (16)
φz − ∂z (∂µ φµ) = 0 , (17)
where prime denotes derivative with respect to z.
Just before we present the solutions for Eqs. (16) and (17) it is worthy to mention that
we will consider, for a sake of simplicity, and without loss of generality, a photon with a
particular polarization such that ηµ q
µ = 0. In this sense only the electromagnetic field
component φµ will contribute in the scattering process as discussed, e. g., in Refs. [6, 9, 25].
The general solution to equation (16) has the following form:
φµ(z, q) = C
1
µ(y)G
2,0
1,2
k z2
2
∣∣∣∣∣∣
q2
2k
+ 1
0, 1
− 1
2
C2µ(y) k z
2
1F1
(
1− q
2
2k
; 2; −k z
2
2
)
, (18)
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where
Gm,np,q
z
∣∣∣∣∣∣ a1 · · · apb1 · · · bq
 and 1F1(a; b; z)
are the the Meijer G function and the Kummer confluent hypergeometric function, respec-
tively. By imposing the boundary condition φµ(z, y)|z=0 = ηµeiq·y, that implies C1µ(y) = 0,
and considering normalizable (square integrable) solutions, one can write:
φµ(z, q) = −ηµe
iq·y
2
k z2 Γ
[
1− q
2
2k
]
U
(
1− q
2
2k
; 2; −k z
2
2
)
≡ −ηµe
iq·y
2
B(z, q) , (19)
where Γ[a] is the Gamma function and U(a, b, z) is the Tricomi hypergeometric function
[60]. This equation represents the solution for the electromagnetic field that will be used to
compute interaction action in Eq. (12).
B. Computing the baryonic states
In order to obtain the interaction action Sint, Eq. (12), one needs to compute the initial
and final baryonic states. The action for the fermionic fields in the deformed AdS space can
be written as
S =
∫
d5x
√
g Ψ¯( /D −m5)Ψ, (20)
with the operator /D defined as:
/D ≡ gmneanγa
(
∂m +
1
2
ωbcm Σbc
)
= e−A(z)γ5∂5 + e−A(z)γµ∂µ + 2A′(z)γ5, (21)
where γa = (γµ, γ5), {γa, γb} = 2ηab, and Σµ5 = 14 [γµ, γ5]. This prescription follows from the
pure AdS space given in Refs. [61–64]. The Dirac’s gamma matrices are represented by γµ
and we will use use a, b, c to represent indexes in flat space, m,n, p, q to represent indexes
in the deformed AdS5 space, and µ, ν to represent the Minkowski space. Thus, the vielbein
are given by:
eam = e
A(z)δam, e
m
a = e
−A(z)δma e
ma = e−A(z)ηma, with m = 0, 1, 2, 3, 5. (22)
For the spin connection ωµνm , one has:
ωabm = e
a
n∂me
nb + eane
pbΓnpm, (23)
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where the Christoffel symbols are written as:
Γpmn =
1
2
gpq(∂ngmq + ∂mgnq − ∂qgmn), with gmn = e2A(z)ηmn. (24)
The only non-vanishing Γpmn for the deformed AdS space are:
Γ5µν = A
′(z)ηµν , Γ555 = −A′(z) and Γµν5 = −A′(z)δµν , (25)
so that
ω5νµ = −ων5µ = ∂zA(z)δνµ (26)
and all other components of the spin connection vanish.
From the action Eq. (20) one can derive the EOM:
( /D −m5)Ψ = 0, (27)
which can be written as:
(
e−A(z)γ5∂5 + e−A(z)γµ∂µ + 2A′(z)γ5 −m5
)
Ψ = 0, (28)
where ∂5 ≡ ∂z, and m5 is the baryon bulk mass. Assuming that the spinor Ψ can be
decomposed into right- and left-handed chiral components, one has:
Ψ(xµ, z) =
[
1− γ5
2
fL(z) +
1 + γ5
2
fR(z)
]
Ψ(4)(x) , (29)
where Ψ(4)(x) satisfies the usual Dirac equation (/∂ − M)Ψ(4)(x) = 0 on the flat four-
dimensional boundary space. For the left and right modes, one has γ5fL/R = ∓fL/R and
γµ∂µfR = MfL, and M is the four-dimensional fermionic mass.
Considering that the Kaluza-Klein modes are dual to the chirality spinors one can expand:
ΨL/R(x
µ, z) =
∑
n
fnL/R(x
µ)χnL/R(z). (30)
By using (30) with (29) in (28) one gets the coupled equations:
(
∂z + 2A
′(z) eA(z) +m5 eA(z)
)
χnL(z) = +Mnχ
n
R(z) (31)
and (
∂z + 2A
′(z) eA(z) −m5 eA(z)
)
χnR(z) = −MnχnL(z). (32)
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Performing a Bogoliubov transformation
χnL/R(z) = ψ
n(z)e−2A(z), (33)
and decoupling Eqs. (31) and (32), one gets a Schro¨dinger equation written for both right
and left sectors, given by:
−ψ′′R/L(z) +
[
m25e
2A(z) ±m5eA(z)A′(z)
]
ψR/L(z) = M
2
nψ
n
R/L(z), (34)
where Mn is the four-dimensional baryon mass for each mode ψ
n
R/L and the corresponding
potentials are given by:
VR/L(z) = m
2
5e
2A(z) ±m5eA(z)A′(z). (35)
One should note that this equation can be applied to any warp factor A(z). The pure AdS
space is recovered if one uses A(z) = − log(z), which leads to analytical solutions. In our
case, with A(z) = − log z + kz2/2, Eq. (10), we need to resort to numerical methods.
From the solutions of Eq. (34) one can read the final spinor state ΨX and the initial
spinor state Ψi as linear combinations of the chiral solutions ψR/L, as follows:
Ψi = e
i P · y z2 e−k z
2
[(
1 + γ5
2
)
ψiL(z) +
(
1− γ5
2
)
ψiR(z)
]
usi(P ) (36)
ΨX = e
i PX · y z2 e−k z
2
[(
1 + γ5
2
)
ψXL (z) +
(
1− γ5
2
)
ψXR (z)
]
usX (PX), (37)
where si and sX are the spin of the initial and final states, respectively.
Let us comment here about the relation between m5 and the conformal dimension ∆. In
pure AdS space, the bulk mass mAdS5 , according the AdS/CFT dictionary, is related to the
canonical conformal dimension (∆can) of a boundary operator O as
|mAdS5 | = ∆can − 2. (38)
In its fundamental works [1–4], it has been shown that the canonical dimension ∆can of an
operator O should be modified by the introduction of an anomalous contribution γ, which
implies an effective scaling dimension that ∆eff = ∆can + γ. Then m5 could be changed by
|m5| = ∆can + γ − 2. (39)
Hence, we will take into account this anomalous dimension in our model to compute the
structure functions in baryonic DIS, as described in Fig. 1. We choose the initial state to
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be a proton, and for our purpose, it will be considered as a single particle (disregarding
the internal constituents), as was done in Ref. [25], with ∆can = 3/2, which is the usual
fermionic dimension. This could be justified looking at the proton’s parton distribution
functions (PDFs) as presented in PDG [65]. In those PDG plots one can see that the PDFs
go to zero for x→ 1.
Solving numerically Eq. (34) for the ground state (n = 1) we obtain the target proton
wave function Ψi shown in Fig. 2 for both left and right chiralities.
0 1 2 3 4 5 6
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
z
ψ p(z)
Figure 2: Chiral wave-functions from Eqs. (34) and (36) (left with solid line and right with dashed
line) for the target proton (Mp ≡M1 = 0.938 GeV) using k = 0.4432 GeV2 and m5 = 0.878 GeV.
In Fig. 3 we also present the numerical wave functions for both left and right chiralities,
obtained by using our model, from Eqs. (34) and (37), for some final hadronic states
(n = 2, 3, 4, 5).
In Fig. 4, we present the potentials considered in the Schro¨dinger equation (34) for left
and right chiralities, defined by Eq. (35). The choice of the different values for m5 used
in this section will be clarified in section V, together with our numerical results for the
structure functions F1,2.
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z
-0.6
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-0.2
0.2
0.4
0.6
ψX,3(z)
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z
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0.6
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1 2 3 4 5 6 7
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0.2
0.4
0.6
ψX,5(z)
Figure 3: Chiral wave-functions from Eqs. (34) and (37) for some final excited states with n =
2, 3, 4, 5, using k = 0.4432 GeV2 and m5 = 0.878 GeV. In each panel, the left chirality is represented
by a solid line and the right chirality by a dashed line.
IV. THE DIS INTERACTION ACTION
In this section we will compute explicitly the DIS interaction action. In order to do this,
let us recall Eqs. (11) and (12), so that:
ηµ〈P + q, sX |Jµ(q)|P, s〉 = Sint
= gV
∫
dz d4y
√−g φµ Ψ¯X Γµ Ψi . (40)
Using the definitions given by Eqs. (22) and (24), one can write the interaction action Sint
as:
Sint = gV
∫
dz d4y
√−g gµ νφµ Ψ¯X eαν γα Ψi
= gV
∫
dz d4y
√−g e−2A ηµ ν φµ Ψ¯X eA δαµ γα Ψi
= gV
∫
dz d4y
√−g ηµν e−A φµ Ψ¯X γµ Ψi
= gV
∫
dz d4y
e2 k z
2
z4
φµ Ψ¯X γµ Ψi. (41)
12
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Figure 4: Chiral potentials given by (35) for the target proton and the final hadronic state X for
some values of k and m5.
The initial and final spinors states, Ψi and ΨX , are given by Eqs. (36) and (37). One should
note that:
Ψ¯X = e
−i PX · y z2 e−k z
2
u¯sX (PX)
[(
1 + γ5
2
)
ψXL (z) +
(
1− γ5
2
)
ψXR (z)
]
. (42)
With these results and the gauge field φµ given by Eq. (19), using B ≡ B(z, q), we can
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write the interaction term as follows:
Sint =
gV
2
∫
d4ydze−i(Px−P−q)· y ηµ
[
u¯sX
(
PˆL ψ
X
L + PˆR ψ
X
R
)
γµ
(
PˆL ψ
i
L + PˆR ψ
i
R
)
usi
]
B
=
gV
2
(2pi)4 δ4(PX − P − q) ηµ
∫
dz
[
u¯sX γµ PˆR usiψ
X
L ψ
i
LB + u¯sX γµ PˆL usiψ
X
R ψ
i
RB
]
=
gV
2
(2pi)4 δ4(PX − P − q) ηµ
[
u¯sX γµ PˆR usi IL + u¯sX γµ PˆL usiIR
]
, (43)
where the IR/L are defined in terms of the solutions of the chiral fermions and the solution
of the field B, so that:
IR/L =
∫
dz B(z, q)ψXR/L(z, PX)ψ
i
R/L(z, P ) . (44)
From Eqs. (40) and (43), one gets:
ηµ〈PX |Jµ(q)|P 〉 = (2 pi)4 δ4(PX − P − q) ηµ〈P + q |Jµ(0)|P 〉
=
geff
2
δ4(PX − P − q) ηµ
[
u¯sX γ
µ PˆR usi IL + u¯sX γµ PˆL usiIR
]
(45)
ηµ〈P |Jµ(q)|PX〉 = (2pi)4 δ4(PX − P − q) ηµ〈P |Jµ(0)|P + q〉
=
geff
2
δ4(PX − P − q) ην
[
u¯si γ
µ PˆR usX IL + u¯si γµ PˆL usXIR
]
. (46)
where geff is an effective coupling constant related to gV . Contracting the photon polarization
with the hadronic tensor, Eq. (7), one has:
ηµηνW
µν =
ηµν
4
∑
M2x
∑
si,sX
g2eff
4
δ(M2X − (P + q)2)
[
u¯sX γ
µ PˆR usi u¯si γ
ν PˆR usX I2L
+ u¯sX γ
µ PˆR usi u¯si γ
ν PˆL usX IL IR + u¯sX γµ PˆL usi u¯si γν PˆR usX IR IL
+ u¯sX γ
µ PˆL usi u¯si γ
ν PˆL usX I2R
]
(47)
As we interested in a spin independent scenario, by using the following property, we perform
a summation over spin, so that:∑
s
(us)α(p) (u¯s)β(p) = (γ
µpµ +M)αβ, (48)
thus, one gets:
ηµηνW
µν =
ηµ ην
4
g2eff
4
∑
sX , si
∑
M2x
δ(M2X − (P + q)2)
[
u¯sX γ
µ PˆR (/p+M0) γ
ν PˆR usX I2L
+ u¯sX γ
µ PˆR (/p+M0) γ
ν PˆL usX IL IR + u¯sX γµ PˆL (/p+M0) γν PˆR usX IR IL
+ u¯sX γ
µ PˆL (/p+M0) γ
ν PˆL usX I2R
]
, (49)
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where /p = γµpµ. By using {γ5, γµ} = 0, PR/Lγµ = γµPL/R and applying the trace engineer-
ing in (49), one has:
ηµηνW
µν =
g2eff
4
∑
M2X
δ(M2X − (P + q)2)
{
(I2L + I2R)
[
(P · η)2 − 1
2
η · η(P 2 + P · q)
]
+IL IRM2XM20 η · η
}
(50)
In order to get the expressions for the structure functions we need to sum over the outgoing
states PX , as presented in Eq. (5). Carrying on this sum to the continuum limit we can
evaluate the invariant mass delta function. Following Ref. [6], this integration will be related
to the functional form of the mass spectrum of the produced particles with the excitation
number n,
δ(M2X − (P + q)2) ∝
(
∂ M2n
∂ n
)−1
that for the soft and hard wall models accounts for the lowest state produced at the collision,
since the spectrum is linear with n [6, 9]. In our case, this delta will account for 1/M2X .
Taking into account our choice of transversal polarization (η · q = 0), the hadronic tensor
has the following form:
ηµ ηνW
µν = η2 F1(q
2, x) +
2x
q2
(η · P )2 F 22 (q2, x). (51)
From this equation one can construct explicitly the baryonic DIS structure functions, such
as:
F1(q
2, x) =
g2eff
4
[
M0
√
M20 + q
2
(
1− x
x
)
IL IR +
(I2L + I2R)( q24x + M202
)]
1
M2X
(52)
F2(q
2, x) =
g2eff
8
q2
x
(I2L + I2R) 1M2X , (53)
where MX ≡MX(q2, x) is mass of the effective final hadron related to the mass of the initial
hadron:
M2X(q
2, x) = M20 + q
2
(
1− x
x
)
. (54)
Note that the two structure functions are related by:
F1(q
2, x) =
g2eff
4
M0
M2X
√
M20 + q
2
(
1− x
x
)
IL IR + 1
2
F2(q
2, x)
(
1 +
2xM20
q2
)
, (55)
so that, in the limit of MX M0, q M0, and x→ 1, one finds
F1(q
2, x) ≈ 1
2
F2(q
2, x) , (56)
which behaves like the Callan-Gross relation 2xF1 = F2, for x→ 1.
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V. NUMERICAL RESULTS FOR THE STRUCTURE FUNCTIONS
In this section we will present our numerical set up and results for the structure functions
F1(x, q
2) and F2(x, q
2) for some specific values of the Bjorken parameter x = 0.65, 0.75, 0.85.
These values were chosen since they correspond to the highest value of x available experi-
mental data [66, 67].
In table I, we present our fit which comes from the numerical solution of Eqs. (34) and
(53). As discussed before, the bulk mass m5 is a function of ∆can = 3/2 and the anomalous
dimension γ, given by Eq. (39). In order to fit the proton mass (mp= 0.938 GeV) and the
experimental data for F2(x, q
2) we have obtained the values for m5, k, g
2
eff and γ for each
value of x.
x m5 (GeV) k (GeV
2) g2eff γ
0.85 0.878 0.4432 1.83 0.378
0.75 0.565 0.5832 1.65 0.065
0.65 0.505 0.6122 3.65 0.005
Table I: This table summarizes our numerical fit of experimental data. These parameters provide
the proton mass as 0.938 GeV and the structure F2(x, q
2) shown in Fig. 5.
The Fig. 5 presents our main results. It shows the structure function F2(x, q
2) against
q2 for x = 0.65, 0.75, 0.85, compared with available experimental data from SLAC [66] and
BCDMS [67] collaborations. One can notice that for x = 0.65, 0.75 our model deviates from
experimental data for very large q2. As expected, our model works better for large x.
In Fig. 6 we show our results for the ratio F2/2F1 versus q
2, where one can see that this
ratio is approximately equal to one, specially for large q2 and x→ 1, as anticipated by Eq.
(56). It is worth to mention that this is an approximately Callan-Gross relation F2 = 2xF1,
for x→ 1.
VI. CONCLUSIONS
In this section we present our conclusions regarding the results achieved within our holo-
graphic description for the baryonic DIS structure functions F1(x, q
2) and F2(x, q
2). Our
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Figure 5: Comparison between experimental data [66, 67] and our results for F2(x, q
2) as a function
of q2 for x = 0.65, x = 0.75 and x = 0.85 from top to bottom. The dotted, dot-dashed, and solid
lines represent our theoretical fits for x = 0.65, x = 0.75, and x = 0.85, respectively. The numerical
parameters of the fits are given in Table I.
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Figure 6: Ratio between F2(x, q
2) and 2F1(x, q
2) from Eqs. (52) and (53) as a function of q2 for
x = 0.65, x = 0.75 and x = 0.85. The dotted, dashed, and dot-dashed lines represent out results.
The solid line represents the ratio equal to 1.
AdS/QCD model is characterized by a deformation in AdS space with the introduction of
an exponential factor in its metric. One feature of this is that it generates a mass gap for
the baryonic sector contrary to the original softwall model. In this approach, the photon
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has analytical solution while the baryonic fields are numerical. Besides, our model takes
into account an anomalous contribution to the canonical scaling dimension of a boundary
operator.
In order to compare with experimental data, we have chosen the target particle as a single
proton. Due to the kinematical region and the large x regime we considered the proton to
be punctual. This assumption has support on data from PDG showing that the parton
distribution functions (PDF) go to zero in the limit of x → 1. Our model captures the
lepton-proton DIS phenomenology for the range 7 < q2 < 40 Gev2, as can be seen in Fig. 5,
for x = 0.65, 0.75, 0.85. As expected, our model produces better results for large x.
We also found the numerical results for F1(x, q
2) as can be seen in Fig. 6, presented
through the ratio F2/2F1 as a function of q
2. This ratio is similar to the Callan-Gross
relation considering x→ 1.
As a final comment, let us mention that the technique developed here for spin 1/2 baryons
could be well extended to baryons with higher spins like 3/2, 5/2, etc, despite one does not
have experimental data for comparison.
Acknowledgments
The authors would like to thanks Alfonso Ballon Bayona for useful discussions. E.F.C.
and M.A.M.C would like to thank the hospitality of the Jinan University where part of
this work was done. E.F.C also would like to thank the hospitality of the Valpara´ıso Uni-
versity where part of this work was done. A. V. and M. A. M. C. would like to thank
the financial support given by FONDECYT (Chile) under Grants No. 1180753 and No.
3180592, respectively. D.L. is supported by the National Natural Science Foundation of
China (11805084), the PhD Start-up Fund of Natural Science Foundation of Guangdong
Province (2018030310457) and Guangdong Pearl River Talents Plan (2017GC010480). H.B.-
F. is partially supported by Coordenac¸a˜o de Aperfeic¸oamento de Pessoal de Nı´vel Superior
(CAPES), and Conselho Nacional de Desenvolvimento Cient´ıfico e Tecnolo´gico (CNPq) un-
18
der Grant No. 311079/2019-9.
[1] H. Georgi and H. Politzer, “Electroproduction scaling in an asymptotically free theory of
strong interactions,” Phys. Rev. D 9, 416-420 (1974)
[2] D. Gross and F. Wilczek, “ASYMPTOTICALLY FREE GAUGE THEORIES. 2.,” Phys. Rev.
D 9, 980-993 (1974)
[3] D. Gross, S. Treiman and F. A. Wilczek, “Mass Corrections in Deep Inelastic Scattering,”
Phys. Rev. D 15, 2486 (1977)
[4] T. Jaroszewicz, “Gluonic Regge Singularities and Anomalous Dimensions in QCD,” Phys.
Lett. B 116, 291-294 (1982)
[5] O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri and Y. Oz, Phys. Rept. 323, 183-386
(2000) doi:10.1016/S0370-1573(99)00083-6 [arXiv:hep-th/9905111 [hep-th]].
[6] J. Polchinski and M. J. Strassler, “Deep inelastic scattering and gauge / string duality,” JHEP
0305, 012 (2003) [hep-th/0209211].
[7] Y. Hatta, E. Iancu and A. H. Mueller, “Deep inelastic scattering at strong coupling from
gauge/string duality: The Saturation line,” JHEP 0801, 026 (2008) [arXiv:0710.2148 [hep-
th]].
[8] C. A. Ballon Bayona, H. Boschi-Filho and N. R. F. Braga, “Deep inelastic structure functions
from supergravity at small x,” JHEP 0810, 088 (2008)
[9] C. A. Ballon Bayona, H. Boschi-Filho and N. R. F. Braga, “Deep inelastic scattering from
gauge string duality in the soft wall model,” JHEP 0803, 064 (2008) [arXiv:0711.0221 [hep-
th]].
[10] L. Cornalba and M. S. Costa, “Saturation in Deep Inelastic Scattering from AdS/CFT,” Phys.
Rev. D 78, 096010 (2008) [arXiv:0804.1562 [hep-ph]].
[11] B. Pire, C. Roiesnel, L. Szymanowski and S. Wallon, “On AdS/QCD correspondence and the
partonic picture of deep inelastic scattering,” Phys. Lett. B 670, 84 (2008) [arXiv:0805.4346
[hep-ph]].
[12] J. L. Albacete, Y. V. Kovchegov and A. Taliotis, “DIS on a Large Nucleus in AdS/CFT,”
JHEP 0807, 074 (2008) [arXiv:0806.1484 [hep-th]].
[13] C. A. Ballon Bayona, H. Boschi-Filho and N. R. F. Braga, “Deep inelastic scattering from
19
gauge string duality in D3-D7 brane model,” JHEP 0809, 114 (2008) [arXiv:0807.1917 [hep-
th]]. [14]
[14] J. H. Gao and B. W. Xiao, “Polarized Deep Inelastic and Elastic Scattering From Gauge/String
Duality,” Phys. Rev. D 80, 015025 (2009) [arXiv:0904.2870 [hep-ph]].
[15] A. Taliotis, “DIS from the AdS/CFT correspondence,” Nucl. Phys. A 830, 299C-302C (2009)
[arXiv:0907.4204 [hep-th]].
[16] Y. Yoshida, “The Virtual Photon Structure Functions and AdS/QCD Correspondence,” Prog.
Theor. Phys. 123, 79 (2010) [arXiv:0902.1015 [hep-th]].
[17] Y. Hatta, T. Ueda and B. W. Xiao, “Polarized DIS in N=4 SYM: Where is spin at strong
coupling?,” JHEP 0908, 007 (2009) [arXiv:0905.2493 [hep-ph]].
[18] E. Avsar, E. Iancu, L. McLerran and D. N. Triantafyllopoulos, “Shockwaves and deep inelastic
scattering within the gauge/gravity duality,” JHEP 0911, 105 (2009) [arXiv:0907.4604 [hep-
th]].
[19] L. Cornalba, M. S. Costa and J. Penedones, “Deep Inelastic Scattering in Conformal QCD,”
JHEP 1003, 133 (2010) [arXiv:0911.0043 [hep-th]].
[20] C. A. B. Bayona, H. Boschi-Filho and N. R. F. Braga, “Deep inelastic scattering off a plasma
with flavour from D3-D7 brane model,” Phys. Rev. D 81, 086003 (2010) [arXiv:0912.0231
[hep-th]].
[21] L. Cornalba, M. S. Costa and J. Penedones, “AdS black disk model for small-x DIS,” Phys.
Rev. Lett. 105, 072003 (2010) [arXiv:1001.1157 [hep-ph]]. [22]
[22] R. C. Brower, M. Djuric, I. Sarcevic and C. I. Tan, “String-Gauge Dual Description of Deep
Inelastic Scattering at Small-x,” JHEP 1011, 051 (2010) [arXiv:1007.2259 [hep-ph]]. [23]
[23] J. H. Gao and Z. G. Mou, “Polarized Deep Inelastic Scattering Off the Neutron From
Gauge/String Duality,” Phys. Rev. D 81, 096006 (2010) [arXiv:1003.3066 [hep-ph]].
[24] C. A. Ballon Bayona, H. Boschi-Filho, N. R. F. Braga and M. A. C. Torres, “Deep in-
elastic scattering for vector mesons in holographic D4-D8 model,” JHEP 1010, 055 (2010)
[arXiv:1007.2448 [hep-th]].
[25] N. R. F. Braga and A. Vega, “Deep inelastic scattering of baryons in a modified soft wall
model,” Eur. Phys. J. C 72, 2236 (2012) [arXiv:1110.2548 [hep-ph]].
[26] E. Koile, S. Macaluso and M. Schvellinger, “Deep inelastic scattering structure functions of
holographic spin-1 hadrons with Nf ≥ 1,” JHEP 1401, 166 (2014) [arXiv:1311.2601 [hep-th]].
20
[27] E. Koile, N. Kovensky and M. Schvellinger, “Hadron structure functions at small x from string
theory,” JHEP 1505, 001 (2015) [arXiv:1412.6509 [hep-th]]. [28]
[28] J. H. Gao and Z. G. Mou, “Structure functions in deep inelastic scattering from gauge/string
duality beyond single-hadron final states,” Phys. Rev. D 90, 075018 (2014) [arXiv:1406.7576
[hep-ph]].
[29] E. Folco Capossoli and H. Boschi-Filho, “Deep Inelastic Scattering in the Exponentially Small
Bjorken Parameter Regime from the Holographic Softwall Model,” Phys. Rev. D 92, no. 12,
126012 (2015) [arXiv:1509.01761 [hep-th]]. [30]
[30] E. Koile, N. Kovensky and M. Schvellinger, “Deep inelastic scattering cross sections from the
gauge/string duality,” JHEP 1512, 009 (2015) [arXiv:1507.07942 [hep-th]].
[31] D. Jorrin, N. Kovensky and M. Schvellinger, “Towards 1/N corrections to deep inelastic scat-
tering from the gauge/gravity duality,” JHEP 1604, 113 (2016) [arXiv:1601.01627 [hep-th]].
[32] D. Jorrin, M. Schvellinger and N. Kovensky, “Deep inelastic scattering off scalar mesons in
the 1/N expansion from the D3D7-brane system,” JHEP 1612, 003 (2016) [arXiv:1609.01202
[hep-th]].
[33] N. Kovensky, G. Michalski and M. Schvellinger, “DIS off glueballs from string theory: the role
of the chiral anomaly and the Chern-Simons term,” JHEP 1804, 118 (2018) [arXiv:1711.06171
[hep-th]].
[34] A. Amorim, R. Carcasse´s Quevedo and M. S. Costa, “Nonminimal coupling contribution to
DIS at low x in Holographic QCD,” Phys. Rev. D 98, no.2, 026016 (2018) [arXiv:1804.07778
[hep-ph]].
[35] A. Watanabe, T. Sawada and M. Huang, “Extraction of gluon distributions from structure
functions at small x in holographic QCD,” Phys. Lett. B 805, 135470 (2020) [arXiv:1910.10008
[hep-ph]].
[36] D. Jorrin, G. Michalski and M. Schvellinger, “Spin-1/2 fermionic operators of N = 4 SYM
theory and DIS from type IIB supergravity,” JHEP 06, 063 (2020) [arXiv:2004.02909 [hep-th]].
[37] S. Gubser, I. Klebanov and A. M. Polyakov, Nucl. Phys. B 636, 99-114 (2002) [arXiv:hep-
th/0204051 [hep-th]].
[38] A. Armoni, “Anomalous Dimensions from a Spinning D5-Brane,” JHEP 11, 009 (2006)
[arXiv:hep-th/0608026 [hep-th]].
[39] R. C. Brower, J. Polchinski, M. J. Strassler and C. I. Tan, “The Pomeron and gauge/string
21
duality,” JHEP 0712, 005 (2007) [hep-th/0603115].
[40] S. S. Gubser, A. Nellore, S. S. Pufu and F. D. Rocha, Phys. Rev. Lett. 101, 131601 (2008)
[arXiv:0804.1950 [hep-th]].
[41] A. Vega and I. Schmidt, “Hadrons in AdS/QCD correspondence,” Phys. Rev. D 79, 055003
(2009) [arXiv:0811.4638 [hep-ph]].
[42] H. Boschi-Filho, N. Braga, F. Jugeau and M. Torres, “Anomalous dimensions and scalar
glueball spectroscopy in AdS/QCD,” Eur. Phys. J. C 73, 2540 (2013) [arXiv:1208.2291 [hep-
th]].
[43] N. R. Braga and E. Iancu, “Anomalous dimensions from rotating open strings in AdS/CFT,”
JHEP 08, 104 (2014) [arXiv:1405.7388 [hep-th]].
[44] E. Folco Capossoli, D. Li and H. Boschi-Filho, “Dynamical corrections to the anomalous
holographic soft-wall model: the pomeron and the odderon,” Eur. Phys. J. C 76, no.6, 320
(2016) [arXiv:1604.01647 [hep-ph]].
[45] D. M. Rodrigues, E. Folco Capossoli and H. Boschi-Filho, “Scalar and higher even spin glue-
ball masses from an anomalous modified holographic model,” EPL 122, no. 2, 21001 (2018)
[arXiv:1611.09817 [hep-ph]].
[46] O. Andreev, “1/q**2 corrections and gauge/string duality,” Phys. Rev. D 73, 107901 (2006)
[hep-th/0603170]. [47]
[47] O. Andreev and V. I. Zakharov, “Heavy-quark potentials and AdS/QCD,” Phys. Rev. D 74,
025023 (2006) [hep-ph/0604204]. [48]
[48] H. Forkel, M. Beyer and T. Frederico, “Linear square-mass trajectories of radially and orbitally
excited hadrons in holographic QCD,” JHEP 0707, 077 (2007) [arXiv:0705.1857 [hep-ph]]. [49]
[49] C. D. White, “The Cornell potential from general geometries in AdS / QCD,” Phys. Lett. B
652, 79 (2007) [hep-ph/0701157].
[50] C. Wang, S. He, M. Huang, Q. S. Yan and Y. Yang, “Scalar Mesons and glueballs in Dp-Dq
hard-wall models,” Chin. Phys. C 34, 319-324 (2010) [arXiv:0902.0864 [hep-ph]].
[51] S. Afonin, “Generalized Soft Wall Model,” Phys. Lett. B 719, 399-403 (2013) [arXiv:1210.5210
[hep-ph]]. [52]
[52] M. Rinaldi and V. Vento, “Scalar and Tensor Glueballs as Gravitons,” Eur. Phys. J. A 54,
151 (2018) [arXiv:1710.09225 [hep-ph]]. [53]
[53] R. C. L. Bruni, E. Folco Capossoli and H. Boschi-Filho, “Quark-antiquark potential from
22
a deformed AdS/QCD,” Adv. High Energy Phys. 2019, 1901659 (2019) [arXiv:1806.05720
[hep-th]].
[54] S. Diles, “Probing AdS/QCD backgrounds with semi-classical strings,” [arXiv:1811.03141
[hep-th]].
[55] S. Afonin and A. Katanaeva, “Glueballs and deconfinement temperature in AdS/QCD,” Phys.
Rev. D 98, no.11, 114027 (2018) [arXiv:1809.07730 [hep-ph]].
[56] E. Folco Capossoli, M. A. M. Contreras, D. Li, A. Vega and H. Boschi-Filho, “Hadronic Spectra
from Deformed AdS Backgrounds,” Chin. Phys. C 44, no.6, 064104 (2020) [arXiv:1903.06269
[hep-ph]].
[57] S. Tahery and X. Chen, “Drag force on a moving heavy quark with deformed string configu-
ration,” [arXiv:2004.12056 [hep-th]].
[58] A. V. Manohar, “An Introduction to spin dependent deep inelastic scattering,” In *Lake
Louise 1992, Symmetry and spin in the standard model* 1-46 [hep-ph/9204208].
[59] A. Karch, E. Katz, D. T. Son and M. A. Stephanov, “Linear confinement and AdS/QCD,”
Phys. Rev. D 74, 015005 (2006) [hep-ph/0602229].
[60] M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions (Dover, New York,
1972).
[61] M. Henningson and K. Sfetsos, “Spinors and the AdS / CFT correspondence,” Phys. Lett. B
431, 63 (1998) [hep-th/9803251].
[62] W. Mueck and K. S. Viswanathan, “Conformal field theory correlators from classical field
theory on anti-de Sitter space. 2. Vector and spinor fields,” Phys. Rev. D 58, 106006 (1998)
[hep-th/9805145].
[63] I. Kirsch, JHEP 09, 052 (2006) doi:10.1088/1126-6708/2006/09/052 [arXiv:hep-th/0607205
[hep-th]].
[64] Z. Abidin and C. E. Carlson, “Nucleon electromagnetic and gravitational form factors from
holography,” Phys. Rev. D 79, 115003 (2009) [arXiv:0903.4818 [hep-ph]].
[65] P.A. Zyla et al. (Particle Data Group), “Prog. Theor. Exp. Phys. 2020, 083C01 (2020)”.
[66] L. Whitlow, E. Riordan, S. Dasu, S. Rock and A. Bodek, “Precise measurements of the proton
and deuteron structure functions from a global analysis of the SLAC deep inelastic electron
scattering cross-sections,” Phys. Lett. B 282, 475-482 (1992)
[67] A. Benvenuti et al. [BCDMS], “A High Statistics Measurement of the Proton Structure Func-
23
tions F(2) (x, Q**2) and R from Deep Inelastic Muon Scattering at High Q**2,” Phys. Lett.
B 223, 485-489 (1989)
24
